Abstract. Previously, we showed that the exogenous expression of aquaporin 3 (AQP3), an aquaglyceroporin, improved the tolerance of mouse oocytes to vitrification with a glycerol-based solution. In the present study, we examined conditions suitable for the expression of AQP3 and the ability of vitrified oocytes to develop in vitro and in vivo after fertilization. After only partial remove of cumulus cells, immature mouse oocytes (germinal vesicle stage) were injected with 5, 10 or 20 pg of AQP3 cRNA and cultured for 12 h for maturation. When matured oocytes were vitrified with a glycerol-based solution, 57-61% survived regardless of the amount of cRNA injected (5-20 pg). By contrast, no oocytes injected with water (control) survived. When the zona pellucida was removed from the vitrified oocytes and the oocytes were then fertilized in vitro and cultured, the proportions that were fertilized and developed into blastocysts were higher when the amount of cRNA injected was 5 pg than 10-20 pg. When 16 blastocysts were transferred to a pseudopregnant mouse, 5 developed to term, demonstrating that oocytes vitrified after injection of AQP3 cRNA retained the ability to develop to term. The water-permeability of cRNA-injected oocytes was higher than that of control oocytes from the maturing stage to the 1-cell zygote stage, whereas glycerol-permeability was higher only at metaphase II. This indicates that AQP3 was expressed for a relatively short period of time. These results suggest that the transient expression of water/cryoprotectant channels is effective for cryopreserving cells that have low membrane-permeability, such as mammalian oocytes. Key words: Aquaporin, Development, Membrane-permeability, Oocyte, Vitrification (J. Reprod. Dev. 57: [403][404][405][406][407][408] 2011) he permeability of the plasma membrane to water and cryoprotectants is one of the most important factors for successful cryopreservation of oocytes/embryos because it influences the formation of intracellular ice, the toxicity of cryoprotectants and osmotic swelling [1] . For cryopreservation of oocytes/embryos, vitrification has advantages over slow freezing in terms of the simplicity of the method and viability of the cells. As the solution used for vitrification contains a high concentration of cryoprotectants, it is much more toxic than the solution for slow-freezing. Therefore, the permeability of the plasma membrane would affect the survival of cryopreserved cells more in vitrification than in slow freezing. If the permeability is low, insufficient exposure to the cryoprotectants causes formation of intracellular ice. However, excessive exposure results in toxic effects of the cryoprotectants. Therefore, high permeability to water and cryoprotectants would be preferable for vitrification.
(J. Reprod. Dev. 57: [403] [404] [405] [406] [407] [408] 2011) he permeability of the plasma membrane to water and cryoprotectants is one of the most important factors for successful cryopreservation of oocytes/embryos because it influences the formation of intracellular ice, the toxicity of cryoprotectants and osmotic swelling [1] . For cryopreservation of oocytes/embryos, vitrification has advantages over slow freezing in terms of the simplicity of the method and viability of the cells. As the solution used for vitrification contains a high concentration of cryoprotectants, it is much more toxic than the solution for slow-freezing. Therefore, the permeability of the plasma membrane would affect the survival of cryopreserved cells more in vitrification than in slow freezing. If the permeability is low, insufficient exposure to the cryoprotectants causes formation of intracellular ice. However, excessive exposure results in toxic effects of the cryoprotectants. Therefore, high permeability to water and cryoprotectants would be preferable for vitrification.
We showed that a simple one-step method is effective for vitrification of mouse morulae [2] but that a two-step method with a pretreatment with a lower concentration of the cryoprotectant is favorable for vitrifying mouse embryos at early cleavage stages (early embryos) [3] . We also showed in the mouse that permeability to water and cryoprotectants was low in oocytes and early embryos, whereas permeability to water, glycerol and ethylene glycol was high in morulae [4] , and that aquaporin 3 (AQP3), an aquaglyceroporin, plays an important role in the high permeability [5, 6] . Therefore, the high tolerance of morulae to cryopreservation would be attributable to their high permeability via water/cryoprotectant channels.
Successful cryopreservation of oocytes has been reported in various species including the mouse [7] . However, the tolerance of mammalian oocytes to cryopreservation is lower and remains less practical than that of embryos. Increasing the permeability of oocytes would improve their tolerance to vitrification and make their cryopreservation more practical.
Previously, we injected AQP3 cRNA into mouse oocytes at the germinal vesicle stage, cultured the oocytes until they matured to metaphase II to express AQP3 and examined whether the exogenous expression enhanced the tolerance of the oocytes to vitrification with a glycerol-based solution [8] . The permeability of AQP3 cRNA-injected oocytes to water and glycerol increased and a high proportion of the oocytes survived vitrification, whereas no water-injected oocytes survived. The vitrified oocytes had the ability to be fertilized (cleaved to the 2-cell stage) after removal of the zona pellucida. Therefore, artificially increasing the permeability of the plasma membrane was effective for vitrification of mouse oocytes. However, the development of the oocytes after fertilization was arrested at the 2-4-cell stage and could not be examined further. This would be because the oocytes were denuded completely at the germinal vesicle stage to facilitate the injection of cRNA, as denuded water-injected oocytes did not develop beyond the 2-4-cell stage after fertilization without vitrification.
In the present study, we examined the ability of AQP3-expressing mouse oocytes to survive vitrification by assessing their ability to develop in vitro and in vivo after fertilization using oocytes matured with cumulus cells attached.
Materials and Methods

Collection of oocytes
Female ICR mice (CLEA Japan, Tokyo, Japan) were injected with 5 IU of eCG intraperitoneally. After 48 h, ovaries were removed and cumulus-oocyte complexes were collected by puncturing follicles in PB1 medium. Cumulus cells were removed from an oocyte at two opposing sites by pipetting. At one site, the oocyte was held with a holding pipette connected to a micromanipulator, and at the other, AQP3 cRNA or water was injected with an injection pipette connected to another micromanipulator on an inverted microscope. Injected oocytes were cultured in modified Eagle's medium supplemented with 10% fetal calf serum, 50 μg/ml sodium pyruvate, 2 mM glutamine, 60 μg/ml penicillin G and 50 μg/ml streptomycin for 6 h to obtain maturing oocytes and for 12 h to obtain mature oocytes (metaphase II) [8] . Then, the cumulus cells were completely removed from oocytes by pipetting in PB1 medium containing 0.5 mg/ml hyaluronidase. Oocytes were considered to have matured when they had a polar body and the germinal vesicle had disappeared.
All experiments were approved by the Animal Care and Use Committee of Kochi University.
Preparation of AQP3 cRNA
In this study, we used rat AQP3 cRNA because the transport function of rat AQP3 has been studied precisely compared with that of mouse AQP3. AQP3 cRNA was synthesized as described elsewhere [8, 9] . Briefly, AQP3 cDNA was cloned from rat kidney cDNA by polymerase chain reaction (PCR); the sense strand was 5'-CGGGATCCCATGGGTCGACAGAAGGAGTT-3', and the antisense strand was 5'-GCTCTAGAGGGTTTTATGGGGT-GTCC-3' (underlined sequences indicate inserted BamHI and XbaI sites, respectively). These primers were derived from the rat AQP3 sequence [10] (GenBank TM accession No. L35108). The PCR had the following profile: 30 cycles of 94 C for 1 min, 58 C for 0.5 min and 72 C for 1 min. The PCR product contained the open reading frame of AQP3. The BamHI/XbaI fragment of the PCR product was subcloned into the BglII/XbaI site of pSP64T (a gift from Dr P A Krieg), a Xenopus expression plasmid. After digestion of the construct by EcoRI, capped cRNA of AQP3 was synthesized using SP6 polymerase (Takara Bio., Otsu, Japan). AQP3 cRNA was diluted to 1 pg/pl, and 5-20 pl was injected into oocytes at the germinal vesicle stage.
Vitrification of oocytes
Mature oocytes that had been injected with AQP3 cRNA or water (control) were cryopreserved by vitrification using a threestep method with a 0.25-ml insemination straw [8] . Mature oocytes were suspended first in PB1 medium containing 10% v/v glycerol (glycerol/PB1) for 2 min, then in GFS20 (a mixture of 20 % v/v glycerol and 80% v/v FS solution) for 1 min and finally in GFS40 (a mixture of 40 % v/v glycerol and 60% v/v FS solution) for 30 sec at 25 C. The FS solution was PB1 medium containing 30% w/v Ficoll PM-70 (GE Healthcare Bio-Science AB, Uppsala, Sweden) and 0.5 M sucrose. The configuration of the straw was described elsewhere [2, 11] , except that PB1 medium containing 0.5 M sucrose was replaced with PB1 medium containing 2 M sucrose. Then, the straw was cooled in liquid nitrogen vapor for 10-30 min, plunged into liquid nitrogen and stored for 10 min to 1 week.
The straw samples were warmed by keeping them in air at 25 C for 10 sec and by suspending them in water at 25 C for about 5 sec. The contents of the straw were expelled into a watch glass and shaken gently. After 30 sec, 0.8 ml of PB1 medium containing 0.5 M sucrose at 25 C was added into the watch glass, it was shaken gently and oocytes were kept there for 5 min before recovery in fresh PB1 medium at 25 C. The survival of oocytes was assessed by the appearance of the cytoplasm and the plasma membrane under a dissecting microscope 1 h after warming [1] . Surviving oocytes were subjected to in vitro fertilization.
In vitro fertilization, in vitro culture, and embryo transfer
Since we had confirmed that the fertilization rate of vitrified oocytes was low, presumably due to the zona-hardening, oocytes were removed of the zona pellucida by brief exposure to acidic Tyrode's solution [8, 12] . Zona-free oocytes were inseminated with 2.0 × 10 5 cells/ml of epididymal spermatozoa obtained from male ICR mice. The spermatozoa had been preincubated in modified M16 medium, which was M16 medium supplemented with 10 μM EDTA, 1 mM glutamine and 10 μM β-mercaptoethanol, in a CO2 incubator at 37 C for 1 h [13] . Oocytes were cultured in the same medium for 24 h to examine their ability to cleave to the 2-cell stage. We considered cleaved oocytes to be fertilized because we had confirmed that the rate of cleavage 24 h after insemination was not significantly different from the rate of oocytes that had two pronuclei and a sperm tail 6 h after insemination [8] . Each zonafree 2-cell embryo was cultured further in a 10-μl drop of fresh modified M16 medium under paraffin oil to examine its ability to develop into a blastocyst.
For the embryo transfer experiment, oocytes obtained from ICR mice were injected with 5 pg of AQP3 cRNA, matured and vitrified, the zona pellucida was removed and the oocytes were then inseminated with spermatozoa obtained from BDF1 mice. Fertilized oocytes were cultured until they developed into expanded blastocysts. Sixteen of them were transferred to the uterus (8 embryos/uterine horn) of a pseudopregnant ICR mouse 3 days after copulation with a vasectomized ICR male. The female was allowed to deliver.
Measurement of the permeability to water and glycerol of mouse oocytes and embryos
Immature oocytes injected with AQP3 cRNA or water were cultured for 6 or 12 h to obtain maturing oocytes and mature oocytes, respectively. Mature oocytes were vitrified, the zona pellucida was partially dissected [13] and then oocytes were inseminated with ICR sperm and cultured for 8, 24 and 48 h to obtain 1-cell zygotes, 2-cell embryos and 4-cell embryos, respectively.
The water-permeability and glycerol-permeability of the oocytes/embryos were measured from the change in volume of oocytes, zygotes and a blastomere of 2-cell and 4-cell embryos during exposure to glycerol/PB1 at 25 C by the method described elsewhere [4, 8] . The osmolality of 10% (v/v) glycerol in water was 1.59 Osm/kg (calculated from published data about the colligative properties of glycerol in aqueous solutions) [14] , and that of PB1 medium was 0.30 Osm/kg (measured with an osmometer; OM801, Vogel, Giessen, Germany). Therefore, we considered that the osmolality of glycerol/PB1 was 1.89 Osm/kg. The temperature of the paraffin oil covering the media was considered to be the temperature of the solution and was kept at 25 ± 1 C by controlling the temperature of the room.
A microscopic image of the cell in glycerol/PB1 was recorded by a time-lapse video tape recorder (ETV-820, Sony, Tokyo, Japan) every 0.5 sec for 20 min. The cross-sectional area of the cell was measured using an image analyzer (VM-50, Olympus, Tokyo, Japan) and was expressed as a relative cross-sectional area, S, by dividing it by the area of the same cell in isotonic PB1 medium. The relative volume was obtained from V=S 3/2 . The water-permeability and glycerol-permeability of oocytes/embryos were determined by fitting water-and solute-movement using a twoparameter formalism [8, 15] . Various constants and parameters are listed in Table 1 .
Statistical analysis
Statistical differences in the rates of survival, fertilization and development into blastocysts were analyzed using the chi-square test, unless the expected frequency was less than five, in which case Fisher's exact probability test was applied. Permeability to water and glycerol was analyzed using the Student's t-test. Statistical differences were evaluated at the P<0.05 level.
Results
The effect of the amount of injected AQP3 cRNA on the viability of oocytes after vitrification
When immature oocytes were injected with 5 pg of AQP3 cRNA and matured to metaphase II, 57% survived vitrification, whereas when injected with water, no oocytes survived (Table 2 ). When the amount of injected cRNA was increased to 10 or 20 pg, the survival rate (57-61%) did not increase.
When oocytes were injected with 5 pg of AQP3 cRNA, removed of the zona pellucida, and then inseminated, the proportion that cleaved to the 2-cell stage was not significantly different from that of water-injected oocytes, regardless of virtrification (Table 2) . When the amount of cRNA was increased to 10-20 pg, the proportion that survived was not different from that obtained with 5 pg, but the proportion of cleaved oocytes rather decreased regardless of vitrification.
When cleaved oocytes were cultured further, they developed [14] . b The osmotically inactive volume of oocytes/embryos was assumed to be 0.15 because that of mature oocytes and 4-cell embryos was 0.15 in a previous study [5] , and that of 2-cell embryos measured for the present study was 0.15 ± 0.04 (obtained from 9 embryos). into blastocysts. The rate of development to the blastocyst stage was not affected by vitrification or injection (AQP3 or water) but was significantly higher with 5 pg of cRNA than with 10-20 pg (Table 2) . Therefore, 5 pg was a suitable amount of AQP3 cRNA for enhancing the survival of vitrified mouse oocytes.
In vivo development of vitrified oocytes injected with AQP3 cRNA
In the embryo transfer experiment, 5 dark-colored live young were born (Fig. 1) , showing that vitrified mouse oocytes that had been injected with AQP3 retained the ability to develop to term.
The permeability to water and glycerol of oocytes/embryos injected with AQP3 cRNA
The permeability to water of water-injected oocytes was low (0.79 μm/min/atm) after 6 h of culture (maturing stage) and remained low (0.58 μm/min/atm) after 12 h (metaphase II; Fig.   2A ). That of oocytes injected with 5 pg of cRNA, however, increased markedly after 6 h of culture (3.68 μm/min/atm) and remained high (3.74 μm/min/atm) at 12 h. On the other hand, the permeability of cRNA-injected oocytes to glycerol after 6 h of culture (0.07 × 10 -3 cm/min) was as low as that of water-injected oocytes (0.05 × 10 -3 cm/min) but was markedly increased (2.55 × 10 -3 cm/min) after 12 h of culture (Fig. 2B) . After fertilization, the permeability decreased (Fig. 3) . At the 1-cell zygote stage (8 h after culture, i.e., 20 h after injection), the water-permeability of cRNA-injected oocytes (1.19 μm/min/atm) was lower than that of metaphase II oocytes (3.74 μm/min/atm) but was still significantly higher than that of water-injected oocytes and 1-cell zygotes ( Figs. 2A and 3A) . The permeability to water of 2-cell embryos (24 h after culture, i.e., 36 h after injection) injected with cRNA was quite low (0.49 μm/min/atm) and not significantly different from that of water-injected oocytes (0.51 μm/min/atm; Fig. 3A) . The permeability to glycerol also decreased rapidly; the glycerol-permeability of 1-cell embryos injected with cRNA was quite low (0.04 × 10 -3 cm/min) and not significantly different from that of water-injected oocytes (0.07 × 10 -3 cm/min; Fig. 3B ).
Discussion
In the present study, live offspring were obtained for the first time from vitrified mouse oocytes that expressed channel proteins transiently.
Previously, we showed that the permeability of mouse oocytes to water and glycerol was low because of movement through the plasma membrane not by channel processes but by simple diffusion Fig. 1 . The ability of vitrified oocytes injected with AQP3 cRNA to develop in vivo. Oocytes of ICR mice were injected with 5 pg of AQP3 cRNA, matured and vitrified, the zona pellucida was removed and the oocytes were then inseminated with sperm of BDF1 mice. After being cultured until they developed into expanded blastocysts, 16 of them were transferred to the uterus (8 embryos/uterine horn) of a pseudopregnant ICR mouse. Five pups were delivered. [ 5, 6] . Since the glycerol-permeability was quite low, mouse oocytes could not survive after vitrification with a glycerol-based solution. Then, we showed that exogenous expression of AQP3 using AQP3 cRNA enhanced the permeability of oocytes to water and glycerol [8] . Such oocytes survived after vitrification with a glycerol-based solution. However, their fertilization rate was low, probably due to zona-hardening by cryopreservation or removal of cumulus cells. So, we removed the zona pellucida before in vitro fertilization, which increased the fertilization rate up to that for zona-free fresh oocytes. However, cleaved oocytes (2-cell embryos) did not develop further, even without vitrification. For development of oocytes after fertilization, cytoplasmic maturation is essential [16] . In some mouse strains, cumulus cells may not be essential for cytoplasmic maturation [17] . On the other hand, it has been shown in the bovine that removal of cumulus cells had an adverse effect on the cytoplasmic maturation [18] . It is known that ICR mouse embryos often arrest their development at around the 2-cell stage in vitro. Therefore, we speculated that complete removal of cumulus cells from ICR oocytes prevented cytoplasmic maturation and arrested in vitro development, although we adopted a culture system by which in vivo matured ICR oocytes can develop beyond the 2-cell stage after fertilization [13] . In the present study, therefore, the cumulus cells were only partially removed from immature oocytes. As expected, the oocytes developed into blastocysts after fertilization, regardless of injection (AQP3 cRNA or water; Table 2 ). Moreover, vitrified oocytes injected with 5 pg of AQP3 cRNA developed to term after fertilization (Fig. 1) . Therefore, we confirmed that the tolerance to cryopreservation of mouse oocytes can be enhanced, enabling them to retain their ability to be fertilized and develop to term, by using immature oocytes attached with cumulus cells and injection of a suitable amount of AQP3 cRNA.
After injection of AQP3-cRNA, water-permeability increased at 6 h (maturing oocytes) and decreased at 36 h (2-cell embryos), whereas glycerol-permeability increased at 12 h (mature oocytes) and decreased at 20 h (1-cell zygotes; Figs. 2 and 3) . By injecting cRNA, therefore, water-permeability was enhanced for a longer period of time than glycerol-permeability. It was reported that some AQP3 inhibitors suppressed the movement of water through AQP3 expressed in Xenopus oocytes but not the movement of glycerol and urea [19] . Moreover, it has been reported that the transport function of urea transporter 3, another water/cryoprotectant channel, differed depending on the level of its expression in the plasma membrane [20] . When urea transporter 3 was expressed in Xenopus oocytes at a physiological level, it transported only urea, but when it was overexpressed, it transported not only urea but also water and various small neutral solutes. Therefore, AQP3 might transport water regardless of its expression level but transport glycerol only when AQP3 is accumulated in the plasma membrane to some extent.
In any case, it appears that AQP3 was expressed in oocytes and degraded soon after fertilization. It was also reported in AQP3 cRNA-injected zebrafish embryos that AQP3 was expressed from 0.5 h to 96 h after injection [21] . The transient expression of AQP3 would be preferable for cryopreserving genetic resources because recombination of DNA is not required.
Recently, ultrarapid vitrification using minute tools has become popular, especially in human oocytes/embryos. With this method, rapid cooling and rapid warming (especially rapid warming) prevent intracellular ice from forming and recrystallizing [22, 23] , thus increasing the survival of cells in which dehydration and permeation by cryoprotectants are insufficient. Therefore, this method is effective for cells that have low membrane-permeability. In ultrarapid vitrification, however, skill is required to consistently obtain high survival rates. In addition, only a small number of oocytes can be vitrified with a small device.
In conventional vitrification, on the other hand, a large number of oocytes can be easily cryopreserved in a container (straw or cryotube). Therefore, this method may become a reliable means of cryopreserving genetic variants in the mouse. This strategy might also apply to oocytes/embryos of other species (including fish) that are difficult to cryopreserve due to insufficient movement of water and cryoprotectants across the plasma membrane.
